Introduction
The wind power industry in North America has an immediate need for larger blade test facilities to ensure the survival of the industry. Blade testing is necessary to meet certification and investor requirements and is critical to achieving the reliability and blade life needed for the wind turbine industry to succeed. The U.S. Department of Energy's (DOE's) Wind Program is exploring options for collaborating with government, private, or academic entities in a partnership to build larger blade test facilities in North America capable of testing blades up to at least 70 m in length.
The National Renewable Energy Laboratory (NREL) prepared this report for DOE to describe the immediate need to pursue larger blade test facilities in North America, categorize the numerous prospective partners for a North American collaboration, and document the requirements for a North American test facility.
The Problem
Rapid growth in wind turbine size over the past two decades has outstripped the capacity of blade test facilities at NREL, hindering the North American wind turbine and component manufacturers' opportunities to participate in what is predicted to be more than $80 billion of annual global business by 2020. There are significant barriers to North American wind turbine and component manufacturers independently developing their own facilities, including:
• Construction of a blade test facility capable of fatigue testing 70-m blades requires a large initial capital investment of at least $5 million to $11 million.
• Fatigue testing requires a dedicated staff of at least four people.
• The costs to construct and operate a large blade test facility make the return on investment unattractive for private testing companies.
• The inconsistency of the production tax credit has resulted in an uncertain U.S. market for wind turbines, making the investment in a large facility risky for the wind industry and private testing companies.
• Most North American blade and turbine manufacturers have insufficient testing demand to fully occupy their own, company-specific, large blade test facility, and most other manufacturers would deem it unacceptable to rely on a competitor to provide this service.
• A private facility does not provide third party objectivity required for certification and validation testing.
The Solution
The preferred solution is for a neutral third party like DOE to facilitate the development of a joint industry collaboration that can provide the needed facilities to all members of the wind industry on a fee-forservice basis. The exact nature of the collaboration may vary, but the objective would be to provide fair access to the needed services. Primary benefits resulting from construction of a large blade test facility are to:
• Directly support the President's Advanced Energy Initiative goal and Departmental priorities of expanding access to wind energy through technology • Allow wind turbine manufactures to meet certification and investor requirements for wind turbine blades iv
• Provide a development path for new products and technologies used in large land-based and offshore wind turbines • Help understand the failure mechanisms for technologies used to manufacture very large wind turbine blades, thereby reducing the risk and cost of manufacturing, servicing, and warranting large turbines and reducing the cost of electricity from wind turbines • Maintain the competitiveness of U.S. wind turbine manufacturers with European companies and help ensure U.S. participation in what is predicted to be more than $80 billion of annual global business by 2020 • Provide an economic magnet for similar businesses to relocate to a particular region.
Current Program funding levels and the impact of congressionally directed activities at this time require that development of a facility be conducted with significant industry participation and cost share. A number of international, federal, academic, state, municipal, and private entities may be interested in collaborating with DOE on a blade test facility in North America. The primary elements required for a successful blade test facility are land and a building near a seaport, two or more test stands, test equipment, and trained facility staff. DOE may be able to provide some of these items and offer some commitment to testing. NREL, a DOE laboratory operated by the Midwest Research Institute and Battelle, is well-suited to provide the technical expertise and/or staff to develop and operate the facility. Additional funds, inkind services, and testing commitments are required from other collaboration partners for a successful effort. In 2001, the DOE Wind Program began plans to construct an 8-MW dynamometer and 70-m blade test facilities at the National Wind Technology Center (NWTC) to support the Wind Program's public/private partnerships to develop larger turbines. The project passed the first set of DOE facility approvals, but progress stopped before the next step (a conceptual design report) was initiated. The facility was not included in the DOE Office of Energy Efficiency and Renewable Energy's FY06 Budget Request to Congress, and full DOE funding to build larger test facilities is not expected to become available.
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The DOE Wind Program is exploring options for collaborating with government, private, or academic entities in a public/private partnership to build larger blade test facilities. The Program's motivation in the collaboration is to provide testing capabilities of sufficient size and availability to support the U.S. wind industry's growth and development, and the deployment of large land-based and offshore wind turbines. This effort directly supports the President's National Energy Policy and Advanced Energy Initiative and Departmental priorities for increasing the viability and deployment of renewable energy. 
Report Objectives
The objectives of this strategy paper are to:
1. Summarize and consolidate the DOE Wind Program's efforts and ideas about pursuing a blade test facility collaboration 2. Examine the need for non-private involvement in a collaboration to build larger blade test facilities 3. Explore the size, cost, and technical requirements for a blade test facility necessary to meet North American wind industry needs 4. Examine potential ownership and operational options for a collaborative blade test facility.
Scope of the Report
Collaboration could take many different forms with a variety of partners. The scope of this paper is limited to blade test facilities, one of the wind industry's immediate needs. However, a blade test facility may be part of a larger facility that supports certification and permitting assistance, drivetrain testing, land-based and offshore wind turbine testing, wave energy testing, marine current testing, environmental testing, and acoustic testing.
Motivations for Pursuing a Large Blade Test Facility Collaboration in North America
This section examines the motivations for pursuing a large blade test facility in North America. The important points described in this section are summarized below.
• Rapid increases in turbine size have outstripped the capabilities of NREL's blade test facility at the NWTC.
• Full DOE funding to build larger test facilities is not expected to become available in the near future.
• The size of offshore turbines is expected to increase.
• All new wind turbine blade designs must be static and fatigue tested.
• Larger blade test facilities in North America are required to maintain and foster a competitive North American wind industry.
• Blade test facilities capable of fatigue testing are too expensive for most North American wind industry members to construct and operate independently.
• Europe has developed several large blade test facilities, giving European manufacturers a competitive edge.
• Concerns about intellectual property, scheduling priorities, and shipping costs make the North American wind industry's dependence on European test facilities problematic.
• A number of Federal, academic, state, and municipal entities may be willing to participate in a blade test facility collaboration.
Testing Trends
Two primary factors drive the need for larger blade test facilities worldwide: 1) Blades are tested more thoroughly to meet new wind turbine design standards, reduce machine cost, and reduce the financial risk of deploying between hundreds to thousands of a particular wind turbine model; and 2) Turbine size has increased rapidly in the past two decades and will continue to increase as the offshore turbine industry develops.
Increased Emphasis on Blade Testing
Wind turbine blades are designed to withstand 20 years of high operating loads. This life is far beyond the service life of any large composite structures subjected to high strains ( Figure 1 ). For this reason, established engineering practices and knowledge from other industries cannot be relied on to validate blade designs. Controlled testing in a blade test facility yields the only reliable validation of individual full-scale designs.
Figure 1: Design lifetime requirements of industries comparable to the wind industry
Blades must be tested more thoroughly to meet new wind turbine design standards, reduce machine cost, and reduce the financial risk of deploying as many as thousands of large wind turbines. U.S. manufacturers have privately stated that they will not use a blade design without fatigue testing because of the high risk that a potential failure invites. 2 Moreover, the International Electrotechnical Commission (IEC), the recognized international body for standards development, requires static and modal testing of wind turbine blades for new design or manufacturing process changes and is expected to require fatigue testing by 2009. In addition, the consensus of the IEC full-scale blade test committee members is that the common practice of testing only one article to qualify design and production quality is a bare-minimum requirement. This practice is due primarily to a lack of test facilities and time-to-market requirements. A multiple test stand facility would provide a means to cost effectively conduct multiple tests, thereby greatly increasing the statistical significance and allowing further optimization of design. Figure 2 illustrates the rapid growth in wind turbine size over the past two decades. This growth has historically been difficult to predict and has repeatedly exceeded manufacturer predictions. The growth has been driven by factors such as lower balance of station and operations and maintenance costs, access to increased wind speeds at higher elevations, materials and technology improvements, a better understanding of wind turbine loads and design, manufacturing capabilities, and the construction of large offshore machines. The continued development of offshore turbines will motivate the trend to larger machines and will require construction of larger blade test facilities worldwide. More than 800 MW of offshore wind energy capacity operate in shallow waters off the shores of several European countries, and some of these countries plan a major expansion of offshore wind power. The United States has a huge offshore potential (currently estimated to be more than 1000 gigawatts) that provides the opportunity for offshore wind energy to respond to current and future U.S. energy needs. Presently, the largest offshore machine is rated at 5 MW and uses a 61.5-m blade. Additionally several turbines in the 3.5-MW range, using blades longer than 50 m, are now commercially available. It is widely expected that the turbine size will increase to offset the high cost of offshore foundations and to take advantage of relaxed transportation size constraints offshore. As with land-based turbines, the growth in turbine size will be difficult to predict accurately. Nevertheless, if one extrapolates the exponential growth depicted in Figure 2 , offshore machines could conceivably exceed 10 MW in size by 2012 as no technical limits exist to prevent this. This disadvantage could potentially result in a missed opportunity for North American companies to participate in a rapidly growing business. The Global Wind Energy Council estimates that the annual global market for wind turbines could reach $80 billion by 2020. 4 In addition, the lack of facilities jeopardizes the success of programs such as the DOE Low Wind Speed Technology (LWST) and offshore programs to reduce the cost of energy of land-based and offshore machines to levels competitive with fossil fuels.
Larger Turbines
North American Industries Have No Large Blade Test Facility Access
NWTC Blade Test Facility Limitations
The NWTC is limited to testing blades less than 50 m in length (3 MW) and is small compared to the existing European facilities ( Figure 3 ). Two additional limitations of the facility are the lack of a blade preparation area and the absence of an additional large test stand. These two limitations dramatically reduce testing throughput and often result in testing backlogs. The lack of a sheltered blade preparation area extends the overall test time by requiring that the blades be installed in the test area for approximately 1 month while strain gauges and other instrumentation are applied. Long lead times, manufacturing complexities, and unexpected delays in manufacturing and testing blades make accommodating the varying schedules of many blade manufacturers difficult with only one test stand and can result in delayed development schedules or insufficient testing.
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Other limitations are related to blade movement and positioning. The blade test facility bridge crane can not reach the new 50-m stand. Until this modification is made, relatively expensive mobile cranes must be hired to position the blades on the stand. The NWTC also lacks blade-moving and blade-positioning equipment for blades longer than 34 m. In addition, the NWTC roadways are not sized for movement of blades longer than 34 m.
Barriers to Construction of New Test Facilities in North America without Government
Assistance A common perception exists: The North American wind industry is of sufficient size to provide its own blade testing or attract private testing companies to conduct testing. However, there are several barriers to wind industry members or a private testing company constructing private blade test facilities independent of government assistance. These barriers are summarized here.
Large capital investment -Construction of a blade test facility capable of fatigue testing 70-m blades requires a large initial capital investment of at least $5 million to $11 million. One primary reason industry has not constructed a large blade test facility is the large capital and operating costs. Some manufacturers can perform static proof load testing on their blades, but fatigue testing is significantly more difficult and expensive. Fatigue testing facilities require a large investment in hydraulic systems and loading devices. The hydraulics, load devices, and instrumentation required for fatigue testing account for roughly 25% of the cost for a blade test facility and dramatically increase the building size requirements.
Dedicated technical staff required -Fatigue testing requires a dedicated staff of at least four technical experts. In addition to requiring more equipment, fatigue testing is significantly more complex than static testing, and therefore, requires a technical staff dedicated to blade testing. The complexity is inherent in the long test durations, monitoring requirements, and inevitable unexpected events involved with fatigue testing. In addition, fatigue testing technology is still a research area in many respects. New fatigue test methods, loading techniques, data acquisition, and failure theories are being developed. For example, the test engineers and technicians at the NWTC blade test center each have dedicated more than a decade to developing their blade testing skills and knowledge.
Unattractive ROI -The costs to construct and operate a large blade test facility make the return on investment unattractive for private testing companies. Blade preparation, modal, fatigue, and static blade testing require roughly 3 to 4 months of facility time under normal conditions. Most North American blade or turbine manufacturers do not have sufficient revenue or testing demand to justify constructing and staffing a facility capable of fatigue testing large blades. For example, the Danish company LMGlasfiber is one of only a few blade manufacturers in the world that also performs fatigue testing. As a global supplier of blades to many companies, LM is very large relative to U.S. blade companies, with more than $350 million in revenue in 2004 and 2,430 employees 5 . In contrast, the largest U.S. blade manufacturer, TPI Composites, reports 300+ employees-many of whom work in the transportation or military divisions 6 .
Unstable U.S. market-The inconsistency of the production tax credit (PTC) has resulted in an uncertain U.S. market for wind turbines that has discouraged long-term investments in the infrastructure. As such, investment in a large blade test facility is considered risky by private companies as the market conditions may change before it could be utilized.
Insufficient testing demand-Most
North American blade and turbine manufacturers have insufficient testing demand to fully occupy their own, company-specific, large blade test facility.
Barriers to Using European Blade Test Facilities
A number of European large blade test facilities have been constructed in the past 5 years. Figure 5 displays the locations and capacities of these facilities. 
Figure 5: European blade test facility locations and capacities
Although it may be possible for North American companies to use European blade test facilities, concerns about IP, scheduling, and cost make the North American industry's dependence on these facilities problematic.
With the exception of LM Glasfiber, all blade test facilities in Europe are known to have received partial funding by their governments. In general, government-funded European test facilities were built to support the industry of the respective country. Conflicts of interest may arise when scheduling blade tests for North American companies that are potential competitors. In addition, European institutions may be much less flexible in accommodating relatively common requests by companies in North America for special tests or requests to accommodate delays in providing blades for testing.
The cost and delay of shipping blades overseas for testing would be problematic for U.S. companies. The preferred solution, especially for longer blades, is to build the blades in the country in which they will be installed to reduce shipping costs and risk of damage. Although large companies are positioned to compete for access to blade test facilities in Europe, smaller manufacturers may be disadvantaged. In addition, these manufacturers would be forced to send staff on costly and time-consuming foreign travel to supervise testing.
Recent growth of wind turbine manufacturers and increases in financial investments have led to more emphasis on safeguarding intellectual property and protecting company information on development schedules and plans. Innovations in blade construction and airfoil design and protected information about blade failures and product lines are more difficult for North American companies to protect at European institutions than at U.S. facilities; NREL has demonstrated the ability to safeguard protected company information for U.S. companies through nearly two decades of testing experience.
Requirements and Costs of a Large Blade Test Facility
Due to the considerable size and forces associated with large blade testing, a blade test facility has a number of unique requirements. These requirements are identified here to facilitate the development of cost estimates and strategies for pursuing a blade test facility. Table 1 and Table 2 summarize the key requirements and costs for a large blade test facility for land-based and offshore turbines. More detailed requirements and cost information are provided in Appendices 2 and 3.
The requirements and costs are rough approximations based on previous experience and vendor quotes. The building costs were obtained using 2005 RSMeans Facilities Construction Data for office and factory floor space. The approximations are site-dependent and are sensitive to factors such as the price of steel and concrete. For this reason, the costs and requirements are intended only to help in strategy formulation. The costs and requirements will continue to be refined as the collaboration and facility plans evolve. 
Testing Capabilities
The cost and size of a blade test facility depend primarily on the number of test stands and the blade length capacity. The requirements and costs have been developed for three scenarios (Basic Testing, Multiple Test Stands, and a 100-m Test Facility) to help bracket the number and capacity of the test stands. The scenarios were chosen to span the likely range of facility sizes and are not intended to constrain the development of a business plan.
Basic Testing
The Basic Testing scenario represents the minimum facility requirements to ensure adequate blade integrity and meet certification requirements. This scenario represents a low-cost facility, and as such, has several limitations. For example, the facility would not be able to provide a full range of tests, such as force-displacement fatigue testing, two-axis fatigue testing, or off-axis static testing of flap-twist blades. In addition, the facility throughput would be slow, and the facility may not be able to provide enough revenue to cover the operational expenses.
A basic facility would have a single test stand with a blade length capacity of 70 m and an enclosed blade preparation area. The test stand shall have an overturning moment capacity of 50 million ft-lbs and can accept deflections to failure for both flap and edge loading. This blade length corresponds roughly to a 7-MW machine and will enable testing of all wind turbines in production today. (The largest machine in production is currently the German REpower Systems 5-MW machine, which uses 61.5-m blades 7 .) NWTC experience has shown that the long lead times, manufacturing complexities, and unexpected delays in manufacturing and testing blades make test scheduling challenging with a single test bay and can result in delayed development schedules or insufficient testing. Preparing the measurement instrumentation for each blade test is a time-consuming process requiring a blade preparation area. The facility shall also be located in proximity to a port where transport of long blades can be accommodated.
Multiple Test Stands
The multiple test stand scenario represents a larger facility that more effectively accommodates industry members' schedules, generates more income to recover the facility operating and maintenance costs, and reduces risk by increasing the statistical significance with multiple tests and by providing a full range of testing. A financially sustainable facility with fewer scheduling conflicts would require two or three 70-m test stands. In addition, the facility should be capable of simultaneous two-axis (edge-wise and flapwise) fatigue tests, which are more accurate than separate tests 8 and will increase facility throughput. Present blade testing methods require a $200,000 bell crank system (Figure 6 ) to achieve two-axis testing on a 70-m test stand. The cost of a multiple-test-stand facility is nearly double (roughly $9M) the cost of a basic test facility. From experience, it would be prudent to include expansion capacity into any new test facility to allow for 1) additional test stands to be added, 2) longer blades to be tested, and 3) additional test buildings. Another option would be to construct a building large enough for multiple stands but add equipment as funding allows.
The costs for adding an additional building and test equipment at a later time depend on the building and equipment purchased for the original facility. A rough estimate of these costs is included in Appendix 3. These expansion costs have not been thoroughly explored, but it may be possible to defer roughly $3 million in costs for items such as the building, moment foundation, test hardware, hydraulics, and instrumentation. However, expanding the facility at a later date will ultimately result in higher capital costs and some disruption to facility operations.
100-m Blade Test Facility
Historically, predictions about wind turbine size increases have underestimated the growth in turbine size. Offshore wind energy is an emerging technology that has tremendous potential in the mid-to long term. Offshore turbine technology could result in a dramatic increase in the size of future wind turbines. Although no wind turbines larger than 6 MW are currently known to be under design, it is possible that facilities larger than 70 m will be needed in the next 5 years. For these reasons, the 100-m blade test facility scenario explores the cost to construct a test facility with a 100-m capacity. This scenario is only intended to define the upper limit of feasible possibilities. Construction of expandable facilities and construction of facilities between 70 m to 100 m should be further explored.
The additional requirements and costs of a replacing a 70-m test stand with a 100-m test stand are listed in the appendix. It is important to note that the foundation strength and blade loads required to test longer blades increase much more quickly than the blade length ( Figure 7 ). Accordingly, a relatively small increase in blade length test capacity translates into a relatively large increase in test facility cost. 
Building Requirements
Construction of a new building represents roughly half the cost of a blade test facility. To reduce cost, it may be possible to find an existing building large enough to accommodate a blade test facility. Roughly 30,000 to 60,000 ft 2 of unobstructed floor space and at least 40 ft of vertical clearance are required for blade test and blade preparation area (see Table 1 for the building dimensions). If a suitable building is located, it is expected that the floor in the interior of the building will be removed and replaced with a slab to accommodate the test stand and load attachment points.
Office space must also be available in the building or nearby. Several site-dependent improvements (such as road and building access, electrical improvements, etc.) may be required if an existing building is found or if a new building is constructed. The costs for these items included in this report assume a new building is constructed and do not account for any road improvements that may be necessary.
A primary requirement for a large blade test facility is that it has seaport access to accommodate transportation of the large blades. It is anticipated that future offshore blades will be manufactured near ports to overcome land-based length and height transportation restrictions. The location must also provide sufficient outdoor storage area (at least 3 acres) for temporarily storing blades and equipment before and after testing and for maneuvering heavy equipment. Some possible locations include North American ship-building facilities and ports that need economic revitalization, closed Federal naval bases, and other facilities with coastal access. An in-depth survey of potential sites should be performed.
Revenue Model
A business model demonstrating sufficient revenue to recover operating expenses after the initial capital investment is desirable to reduce partner commitments and ensure the long-term survival of the test facility. To obtain self-sufficiency, the facility must provide enough revenue to operate and maintain the facility and equipment, compensate staff, and make repairs as needed. A crude revenue model has been created as an example and is shown in Table 3 . The revenue model assumes that NREL operates the blade test facility. Thus, the overhead and labor-loading rates are consistent with NREL practices. As a government-owned laboratory, there is no insurance cost as the government is self-insured. In addition, the revenue model assumes that the building was purchased and that there is no lease or mortgage.
The revenue of a blade test facility depends on the number and length of blades tested. The revenue generated by a blade test facility can be obtained from compensation for time and materials. Based on NWTC experience and conversations with European blade testing facilities, a full suite of testing on a 1.5-MW (34-m) blade requires 3 to 4 months and costs roughly $300,000. As a first estimate, the cost of testing longer blades can be assumed to increase linearly with the length of a blade and require an additional month for fatigue testing. Thus, a 70-m blade will generate roughly $600,000 in revenue. Based on these assumptions, testing 70-m blades can theoretically result in more annual revenue than 34-m blades.
The number of blades tested in a given year is variable due to factors such as premature failures, manufacturing delays, and demand for new land-based and offshore wind turbine designs. The demand for new designs depends largely on the success of wind turbine markets that are difficult to predict because they are largely dependent on policy factors and fossil energy prices.
Some qualitative comments can be made about the demand to test blades at the new blade test facility. It is not unreasonable to expect that the demand will be about twice the demand experienced by the NWTC blade test facility. The rational for this expectation is based on the idea that, although more land-based turbines are being deployed, the number of new land-based turbine models developed by North American manufacturers will continue at the pace observed over the past 2 years. Additionally, a similar amount of test demand could be created by the involvement of North American manufacturers in the offshore market.
Several scenarios of varying facility throughput were considered for blade test facilities of various sizes. However, because of the difficulty of quantitatively forecasting the demand for the blade test facility, Table 3 presents the results of simplified calculations that assume only 70-m blades are tested and the maximum facility throughput. The supporting calculations are listed in Appendix 4. The expendable materials category listed in Table 3 includes electricity for the hydraulic systems, strain gauge materials, and materials for constructing the saddles used to transfer loads to the blade. The fixed expenses category includes items such as staff compensation, facility utilities and maintenance, and capital equipment maintenance and replacement. The largest component of the fixed expenses is the staff salaries (roughly $750,000 per year).
Based on the assumptions above, the maximum net revenue from a multiple-test-stand facility is dramatically higher than a single-test-stand facility. The low net revenue from a single-test-stand facility is an indication of the difficulty of creating a sustainable enterprise with only one test stand even when assuming maximum facility throughput. In fact, if the single-blade-test facility tests only two rather than three 70-m blades in a given year, the annual revenue loss is roughly $900,000.
Collaboration Structure
This section describes some of the potential partners, contributions, ownership options, and operational structures for a North American blade test facility collaboration. The collaboration could take many forms with a variety of partners. This section presents general ideas that would be refined once interested parties are identified.
The scope of this paper is limited to a blade test facility; however, a blade test facility may be part of a larger facility that supports testing of offshore wind turbines, wave energy, and tidal energy technologies. In addition to a blade test facility, the services offered by such a center could include certification and permitting assistance, a drivetrain test facility, land-based and offshore wind turbine testing, wave testing, marine current testing, environmental testing, and acoustic testing.
Collaboration Partners
A number of international, federal, academic, state, municipal, and private entities could be interested in the development of a blade test facility collaboration in North America. Federal agencies, state entities, and municipalities may be interested in fostering renewable energies, stimulating local economic growth, or revitalizing an industrial area. Wind turbine and component manufacturers may be motivated to advance the collaboration in order to test their products and designs. Academic institutions and research laboratories may be motivated by the potential to become involved in research activities and to facilitate professional development of their faculty and staff. The collaboration is also in line with the mission of research laboratories such as NREL. For example, NREL's mission is to develop renewable energy and energy efficiency technologies and practices, advance related science and engineering, and transfer knowledge and innovations to address the nation's energy and environmental goals.
Partner Contributions
The requirements for a blade test facility can be summarized into six key components. Table 4 lists the collaboration members who might be able to contribute these components. In addition to technical expertise, NREL's NWTC is accredited through the American Association for Laboratory Accreditation (A2LA). A2LA is a signatory to several bilateral and multilateral recognition agreements. These agreements facilitate the acceptance of test and calibration data between A2LA-accredited laboratories and 46 economies around the globe. This accreditation is critical for blade testing to conform to requirements of financial and certification institutions such as Germanischer Lloyd. Significant effort and documentation are required to maintain laboratory accreditation. NREL's experience in maintaining this accreditation could facilitate the accreditation of the new blade test facility.
Another important NREL contribution could be the licensing of the NREL blade resonance excitation system (B-REX) fatigue testing technology (Figure 8 ). This technology facilitates less expensive fatigue testing that is faster and more accurate. In addition, the technology is being considered for edgewise fatigue testing because force displacement loading with a bell crank may be impractical for blades larger than 50 m due to the extremely high loads involved. 
DOE Contributions
DOE could make several contributions to a blade test facility collaboration through leadership, funding, and ongoing government support. A crucial DOE contribution could be funding NREL to provide technical support or even staff to the facility. A second possible DOE contribution is to provide funds to purchase or lease a building, test equipment, or other necessary items. However, all program funds are currently committed. In addition, capital projects costing more than $5 million require justification through the DOE Critical Decision Process and Congressional approval.
A third DOE role could be as a user to fund tests at the facility through DOE public/private partnerships such as the LWST and Offshore Wind Technology Programs. This commitment, which could take the form of a specific number of blade tests per year, would help sustain the operation of the facility.
Federal, State, Municipal, or Academic Contributions
Federal, state, municipal, or academic entities could contribute land, building, funds, facility staff, or other contributions to the project. The costs of the test stand, test hardware, instrumentation, and blade movement equipment comprise approximately one-half of the facility's cost. The building and land comprise the other half of the capital investment. In addition to providing capital funds for the collaboration, federal, state, municipal, or academic entities may have access to or be willing to purchase an existing building or land. Local organizations could provide assistance with zoning and other permitting issues while academic institutions may be able to provide staffing or research assistance support. Local not-for-profit organizations and academic institutions may also be able to provide business oversight, facilities support and receive local development funding.
Industry Contributions
Industry partners may be able to make similar contributions as federal, state, municipal, or academic entities. In addition, a key industry partner contribution could be a commitment to testing blades at the facility for a specified number of years. This commitment would reduce the risk of insufficient blade testing revenue for sustainable operation of the facility.
Ownership and Operating Models for a Collaborative Facility
The numerous prospective partners and the nascent status of the collaboration result in many possible ownership and operating structures for a collaborative blade test facility. The European test facilities provide useful models. Table 5 summarizes the ownership structures for the blade test facilities in Europe. 
Ownership of European Test Facilities
LMGlasfiber
Siemens Vestas
Governmentowned facility The facility was built with government support but relies on commercial work to fund operation.
The new Danish facility (BLAEST) is a joint venture between a government-funded research institute (Risø), a commercial certifying body (Det Norske Veritas or DNV), and an engineering/consulting company (Force Technology). BLAEST now also owns Risø's old test facility in Sparkaer. The shares are divided as follows: 40% Risø, 35% Force, and 25% DNV.
The UK New and Renewable Energy Centre Limited (NaREC) is a self-standing but not-for-profit organization. NaREC is a company limited by guarantee-an alternative type of corporation used primarily for non-profit organizations that require legal personality. A guarantee company does not have share capital, but it has members who are guarantors instead of shareholders. NaREC obtained government funding for its operational core costs. Income will be achieved largely through fees for services, and after 5 years the company will be financially self-sustaining in terms of its operating costs. 
Ownership and Operation of a Collaborative Facility in North America
The ownership models for a collaborative blade test facility can be categorized by the building and land owner or lessor. Each of these categories can be subdivided by parties that could operate the facility. Table 6 lists four general ownership and operating options for a collaborative blade test facility in North America. Each ownership model is described in the following sections. A similar ownership and operating arrangement could be used for the 70-m blade test facility at a location near a seaport. Although current federal budget constraints make full federal funding of the facility unlikely, contributions from collaboration partners could make an extension of the NREL facility feasible at a different location. For example, if collaboration partners could provide a building and funding to construct the test stand, DOE may be able to fund the remaining facility components.
The primary advantage of a facility owned and operated by DOE is that the operation, management, and accreditation procedures for the laboratory could be extended to the new facility. In addition, DOE is an objective owner, and MRI-Battelle have demonstrated outstanding proficiency in operating the NWTC blade test facility.
One potential problem with this arrangement is the difficulty of DOE to assume ownership of donated property or co-own property with another party. The assumption of donated property by DOE is uncommon due in part to the potential liability associated with property acquisitions. DOE is subject to political decisions. An independent enterprise may be desirable to ensure the survival of the blade test facility. A potential disadvantage of a DOE-owned facility is the restrictions in converting a DOE-owned facility into an independent enterprise. DOE property can be relatively easily transferred to another party if the party is non-profit and is performing research in the interest of DOE.
A disadvantage of an NREL extension is the high labor and overhead rates associated with research institutes such as NREL. Alternatives to the typical laboratory overhead and labor structures should be sought if these rates prohibit sustainable financial operation of the facility.
Facility Owned by a Not-for-Profit Entity
This ownership model is similar to the above approach but differs in that a not-for-profit entity (such as a university, state, or municipal organization) would own or lease the building and land. Operation of the facility could be performed by an organization such as a university or by MRI-Battelle as a subcontract or as part of a cooperative research and development agreement (CRADA).
A CRADA could also be a convenient vehicle for DOE to contribute test equipment, operate the facility, or contract tests with industry through Work for Others agreements.
11 Alternatively, it may be possible to donate test equipment to the not-for-profit organization.
There are advantages to this approach. It is commonly used in other research settings and follows demonstrated models used to operate European blade test facilities. In addition, the facility is amenable to the formation of a non-profit or commercial enterprise as the limited involvement of DOE lessens some of the property ownership restrictions.
Facility Owned by One or More Commercial Entities
This ownership model is similar to the new Danish joint venture (BLAEST) among a government-funded research institute (Risø), a commercial certifying body (DNV), and an engineering/consulting company (Force Technology). Ownership and operation of the facility in this scenario would be by one or more commercial entities. It could also be possible for MRI-Battelle to operate the facility. The objective would be to form a commercial enterprise for profit. One challenge of a facility owned by a commercial entity is establishing a return on investment sufficient to maintain investor interest.
Facility Owned by a Wind Industry Manufacturer
A facility operating in this structure would be primarily owned by an industry partner such as a turbine or blade manufacturer. DOE financial or technical support may be possible if the partner allowed tests from other industry members to be performed at the facility. The motivation for DOE's involvement would be to obtain a testing facility that could be made available to the interested industry member and other industry partners. The facility could be operated by the industry member or a third party such as NREL.
The advantage of this approach is that a few private companies currently have the facilities and equipment to move and manipulate large blades. On-site expertise is already available to handle most of the testing and preparatory processes. Existing private companies also have staffing, insurance, and other business processes in place to easily facilitate operation of a new test facility. A cost estimate for such a collaboration is included in Appendix 3. This scenario saves approximately $600K in equipment and nearly $2 million in building costs from the Basic Testing Scenario.
There are several fundamental challenges to this collaboration structure. Federal assistance will require the facility to also be available to other industry members. Other industry partners will likely require 1) assurance of IP protection, 2) a facility managed and run by an objective third party such as NREL, and 3) accreditation to be accepted by certification agents and the financial community. These requirements may be difficult to meet if the facility is owned by a single private party.
It may be possible for industry members to collaborate. For example, a blade manufacturer and turbine manufacturer could collaborate in constructing test facilities. If the arrangement were to benefit several industry partners, it may also be possible for DOE and NREL to provide technical support, staffing, or a commitment to testing. However, conflicts of interest among industry partners and proprietary information will create challenges to this arrangement. This paper does not explore options directly between industry partners as they are best qualified to explore these options.
Summary
The wind power industry in North America has an immediate need for larger blade test facilities to ensure the survival of the industry. Blade testing is necessary to meet certification and investor requirements and is critical to the success of the wind turbine industry. DOE's Wind Program is exploring options for collaborating with government, private, or academic entities in a public/private partnership to build larger blade test facilities in North America capable of testing blades up to at least 70 m in length. Current Program funding levels and the impact of congressionally directed activities at this time require that any further development of a facility be conducted with significant industry participation and cost share.
Necessity for a Large Blade Test Facility
• Rapid growth in wind turbine size over the past two decades has outstripped the capacity of blade test facilities in North America, hindering the North American wind turbine and component manufacturers' opportunities to participate in what the Global Wind Energy Council estimates could become an annual global market of $80 billion by 2020.
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• The North American wind industry has no practical options for testing blades greater than 50 m in length. The NWTC blade test facility can presently only perform limited testing on blades up to 50 m.
• The use of European large blade test facilities by North American manufacturers is problematic due to concerns about intellectual property, scheduling, and cost.
Primary Benefits of Facility Construction
• Directly supports the President's Advanced Energy Initiative goal and Departmental priorities of expanding access to wind energy through technology • Allows wind turbine manufactures to meet certification and investor requirements for wind turbine blades • Provides a development path for new products and technologies used in large land-based and offshore wind turbines • Helps understand the failure mechanisms for technologies used to manufacture very large wind turbine blades thereby reducing the risk and cost of manufacturing, servicing, and warranting large turbines thereby reducing the cost of electricity from wind turbines • Maintains the competitiveness of U.S. wind turbine manufacturers with European companies and helps ensure U.S. participation in what is predicted to be more than $80 billion of annual global business by 2020.
• Provides an economic magnet for similar businesses to relocate to a particular region.
Facility Requirements
• A primary requirement for a large blade test facility is port access to accommodate transportation of the large dimensions of offshore designs.
• Preliminary cost estimates for a blade test facility (assuming a new building is constructed) are roughly: o $5 million for a basic 70-m single-test-stand test facility without office space or the ability to do a full suite of testing o $9 million for a two-test-stand facility with office space and full testing capability (potentially up to $3 million of this initial investment could be deferred) o $11 million for a three-test-stand facility o An additional $3 million to upgrade a 70-m test stand to a 100-m test stand.
• Construction of a new building represents roughly half of the cost of a blade test facility. To reduce cost, it may be possible to find an existing building large enough to accommodate a blade test facility.
• A self-sustaining business model is desirable to reduce partner commitments and help ensure the long-term survival of the test facility. To obtain self-sufficiency, the facility should provide enough revenue through service fees to operate and maintain the facility.
• A full-service, multiple-test-stand facility will more effectively accommodate industry members' schedules, generate more income to recover the facility operating and maintenance costs, and reduce risk by increasing the statistical significance with multiple tests and by providing a full range of testing.
Collaboration Structure
• The numerous prospective partners and the nascent status of a North American collaboration result in many possible ownership and operating structures for a collaborative blade test facility. This report categorizes the ownership models into four general options according to the land/building owners or lessors: ownership by 1) DOE, 2) non-profit entities, 3) commercial entities, and 4) wind industry manufacturers.
• Options for operation of the facility include operation by an academic institution, MRI-Battelle, a commercial entity, a manufacturer, or formation of a new entity.
• NREL is well suited to provide technical advice and training, licensing of the B-REX technology, and operation of the facility. Limited DOE funds for construction or equipment and commitments to testing may be possible depending on future budgets. 10,000
5,502,000
Red cells indicate items where costs have been deferred
